Herpes simplex virus type 1 (HSV-1) is a neurotropic human pathogen capable of infection and spread in a variety of cells. Infection is mediated by the viral envelope glycoproteins, which have been assigned specific and often redundant functional roles. Of the 10 virus envelope glycoproteins, only gB, gD, gH, and gL are essential to the process of infection in cell culture, while the other six contribute to virus infectivity and spread in the host (2, 4, 5, 10, 14, 27, 29, 42, 43, 54 ). An additional glycoprotein, gK, has been shown to be absent from the virus envelope; however, it is required for the production of infectious virions (30, 31) .
Infection involves virus attachment to the cell surface membrane followed by virus penetration and entry of the nucleocapsid into the cytoplasm (53, 57) . Current evidence indicates that virus attachment is a two-step process (48) involving different glycoproteins and several receptors. Glycoprotein B (gB) and gC have been shown to be involved in the initial attachment phase through the interaction of positively charged glycoprotein structures with negatively charged heparan sulfate (HS) moieties located on cell surface proteoglycans (44, 56) . This HS-dependent attachment may facilitate a second attachment in which gD binds to a cellular receptor, one of them recently reported to be a member of the tumor necrosis factor-nerve growth factor receptor family (50) . Following attachment, the virus penetrates the cell by fusion of the virus envelope with the cell plasma membrane (57) . Genetic studies have shown that gB, gD, and gH are required to carry out the fusion-penetration process (4, 10, 32, 42) and that gL is essential for proper processing and insertion of gH into the virus envelope (29) . These studies have demonstrated that virus penetration is a highly complex process involving the cooperative activities of multiple viral glycoproteins.
Different lines of evidence have identified HS as an initial receptor for HSV infection. First, HS proteoglycans are commonly found on the surface of most vertebrate cell types (15) , including those susceptible to HSV infection (16, 21, 44, 58, 64) . Second, removal of HS from the cell surface, either by enzymatic treatment or by selection of cell lines defective in the pathway of HS (3, 17, 41, 56) , renders the cells at least partially resistant to HSV infection by reducing virus attachment to the cell surface. Third, heparin, a molecule chemically similar to HS (35) , has been shown to inhibit viral infection by masking the HS binding domain on the virus envelope (21, 22, 55) , and immobilized heparin columns bind to the principal mediators of virus attachment, gB and gC, either derived from HSV-1-infected cells or produced in a baculovirus expression system (24, 59) . Fourth, construction of deletion mutants for the glycoproteins involved in HS binding, namely gC and gB, impairs virus binding to the cell surface (23) .
Glycoprotein C interactions with HS have been extensively studied (6, 12, 16, 23, 24, 48) , and HS binding domains have been identified (62) . HSV-1 gC-negative mutants (23, 24, 28, 59) are impaired in binding and slightly impaired in penetration but remain highly infectious, presumably because the HS binding function of gB is sufficient to mediate virus attachment to HS (24) . A deletion mutant lacking both gC and gB coding sequences was demonstrated to be substantially impaired in binding compared with a gC null mutant virus, suggesting that gB also contributes to HS binding (23) . The residual attachment ability of this mutant may indicate either that other viral glycoproteins possess limited HS binding activity or that additional receptors are recognized in the absence of HS binding. Mutants deleted for gB cannot be used to determine whether gB binding to HS is essential to the process of penetration and cell-to-cell spread, since gB is required for both functions.
In this report, experiments were performed to (i) identify the HS binding domain of gB and quantify its contribution to HS binding, (ii) determine whether the HS binding domain of gB is required for gB's essential role in virus penetration and lateral spread, and (iii) compare the contributions of both gBand gC-mediated HS binding to the efficiency of virus attachment, rate of penetration, and lateral spread in plaque formation. To achieve these goals, a lysine-rich (pK) sequence (amino acids 68 to 76) was deleted from the N terminus of gB (gBpK Ϫ ) and analyzed for its ability to bind heparin-acrylic beads. The reduction in gBpK Ϫ binding to heparin confirmed that an HS binding domain had been removed. A mutant virus carrying this altered gB molecule showed reduced adsorption to the cell membrane and reduced capacity to spread from cell to cell but remained infectious, demonstrating that gB binding to HS is not essential for gB function. A double mutant virus (KgBpK Ϫ gC Ϫ ) deleted for gC in addition to the pK domain of gB, was constructed and shown to be highly impaired in binding and to have a reduced rate of penetration. Taken together, these data demonstrate that HS binding is required for efficient penetration by both extra-and intercellular virus.
MATERIALS AND METHODS

Cells and viruses.
Vero cells were used to propagate the KOS strain of HSV-1, from which all recombinant viruses were derived. The Vero cell line A1 (60) (kindly provided by Fred Homa, Kalamazoo, Mich.), stably transfected with the HSV-1 genes encoding gB and ICP 18.5, was used to propagate a double-mutant virus, K⌬4BX (9), deleted for both genes. The Vero cell line C1 (60) (kindly provided by Fred Homa), stably transfected with the HSV-1 gene encoding ICP 18.5, was used to passage the double-mutant virus (KgBpK Ϫ gC Ϫ ) to generate a virus particle deleted for gB and gC only. Mouse L cells and their glycosaminoglycan (GAG)-negative derivatives (sog9 [3] ) were kindly provided by Frank Tufaro, Vancouver, British Columbia, Canada. All cell lines were maintained at 37°C in Dulbecco's modified minimum essential medium (DMEM) (Gibco BRL, Grand Island, N.Y.) supplemented with 10% fetal bovine serum.
Construction of gB mutant and gC-deleted plasmids. The HSV-1 gB coding sequence (UL27) was excised by enzymatically digesting the BamG fragment of the viral genome with KpnI and SalI endonucleases and subcloned with the KpnI-XhoI restriction sites of the pTZ18U vector (pTZ18UgB1). Site-specific mutagenesis was performed to delete 27 nucleotides encoding the putative HS binding domain of gB (amino acids 68 to 76 [KPKKNKKPK]), and a BamHI recognition site was inserted in frame at the site of the mutation. The resulting gBpK Ϫ mutation was subsequently inserted into the pKBXX vector (4, 25) to create pgBpK Ϫ , and both plasmids (pKBXX and pgBpK Ϫ ) were further modified by inserting the human cytomegalovirus immediate early promoter (HCMVIEp) at their 5Ј ends to create HCMV-BXX and HCMV-gBpK Ϫ . The HSV-1 gC coding sequence (UL44) contained in the pgC1 plasmid (27) was deleted by digestion with the restriction endonucleases XhoI and EcoRV, and the 1,622-bp fragment was replaced with the SalI/BamHI fragment encoding the HCMV-lacZ cassette of the pIEP-lacZ plasmid (12) in order to create p⌬gC:lacZ.
Construction and isolation of recombinant viruses. Mutant HSV-1 viruses were constructed by standard methods for transfer by using LipofectAmine (Gibco BRL) for cotransfection, and mutant or recombinant virus plaques were thrice plaque purified by limiting dilution prior to characterization. To construct the KgBpK Ϫ recombinant virus, plasmid pgBpK Ϫ DNA was cotransfected with viral DNA from K⌬4BX on the complementing A1 cell line. The KgBpK Ϫ recombinant virus was selected for growth on Vero cells and screened by Southern hybridization with a gB probe that hybridized to the gB coding sequence (see Fig. 3A ). The p⌬gC:lacZ plasmid was used to cotransfect Vero cells with viral DNA from KOS. A virus recombinant (KCZ) deleted for 1,622 bp of the gC coding sequence was selected by complement-dependent neutralization with a pool of gC-specific monoclonal antibodies (MAbs) (47) . The viral plaques formed by the neutralization escape mutants were further screened for the "blue-plaque" phenotype in presence of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) substrate. The same p⌬gC:lacZ plasmid was used to cotransfect A1 cells with K⌬4BX viral DNA in order to create the K⌬4BXCZ virus, which was deleted for genes encoding ICP 18.5, gB, and gC. The recombinant virus was selected on A1-complementing cells, as described above for KCZ on Vero cells. Southern blot hybridization with a gC probe was used to confirm the absence of the gC coding sequence in the KCZ (see Fig. 3B ) and K⌬4BXCZ viruses. The double mutant KgBpKgB Ϫ gC Ϫ was produced by cotransfection of pgBpK Ϫ plasmid DNA with viral DNA from K⌬4BXCZ on A1 cells. Viruses from the cotransfection were plated on Vero cells, and the recombinant virus deleted for both the pK region of gB and the gC coding sequence (KgBpK Ϫ gC Ϫ ) was selected for the presence of the gBpK Ϫ sequence, as described above for the KgBpK Ϫ recombinant virus, and for the absence of the gC coding sequence, as described above for KCZ. KgBpK Ϫ gC Ϫ recombinant virus was rescued for the full-length gB and gC coding sequences in order to produce KgBpK R gC Ϫ and KgBpK Ϫ gC R , respectively. Viral DNA from KgBpK Ϫ gC Ϫ was cotransfected with wild-type KOS gB DNA (pKBXX [4] ) or wild-type KOS gC DNA (pgC1 [27] ). Vero cell plaques from both cotransfections were isolated and tested for the rescue of each respective gene by Southern blot hybridization, as shown in Fig. 3 . The rescue of gC was also confirmed by complement-dependent neutralization of the recombinant virus with gC-specific MAbs and by a "clear-plaque" phenotype following X-Gal staining.
Immunofluorescence. Thirty hours posttransfection with HCMV-BXX or HCMV-gBpK Ϫ , the Vero cell monolayers were incubated for 1 h at 4°C with a pool of gB MAbs (46) , rinsed with cold Tris-buffered saline (TBS), pH 7.4, and incubated for an additional hour with a cy3-conjugated anti-mouse antibody (Jackson Immunoresearch Laboratories, West Grove, Pa.); the monolayer was then fixed with 2% paraformaldehyde. Immunofluorescence-positive cells were photographed with a Nikon TMS microscope-camera (model 211910).
Binding of gB and gBpK ؊ to heparin-acrylic beads. Plasmids pKBXX (4) and pgBpK Ϫ were used individually to transfect Vero cells. Twenty-four hours posttransfection, the cell monolayers were infected at a multiplicity of infection (MOI) of 3 with K⌬4BX virus followed by overlay with DMEM containing [ 35 S]methionine/cysteine. Ten hours postinfection (p.i.), the cell monolayers were scraped, harvested, and resuspended in 200 l of lysis buffer (0.5 M TrisHCl, 150 mM NaCl, 1% Triton X-100, 10 mM phenylmethylsulfonyl fluoride, and 1 mM TLCK [N␣-p-tosyl-L-lysine chloromethyl ketone]). The Triton-soluble extracts were incubated for 2 h at 4°C in the presence of heparin-acrylic beads (Sigma, St. Louis, Mo.). The beads were rinsed three times with lysis buffer or lysis buffer supplemented with 10 mg of heparin (Sigma) per ml. The Tritonsoluble extract and lysis buffer washes or lysis buffer with heparin washes were immunoprecipitated with a pool of gB-specific MAbs (46) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Quantification of precipitated radiolabeled proteins was determined with the 1-D Scan and Report program (Biomed Instruments, Fullerton, Calif.).
Purification of radiolabeled virus. Virions used for binding and immunoprecipitation assays were labeled and purified as follows. Confluent Vero cell monolayers in T150s flasks (Falcon; Becton Dickinson, Franklin Lakes, N.J.) were infected with viruses at an MOI of 10. Four hours p.i., 16 ml of DMEM without methionine and cysteine (Gibco BRL) and supplemented with 1% fetal calf serum was added to the infected cell monolayers. [ 35 S]methionine/cysteine (ExpreSS; Dupont, NEN, Boston, Mass.) having a specific activity of 50 Ci/ml was added after 4 h. Twenty-four hours p.i., medium containing radiolabeled virus was harvested and virions were purified by centrifugation (SWTi-40 Beckman rotor) through sucrose gradients (30 to 65% sucrose). The fractions containing the radiolabeled virus were pooled, diluted in sterile TBS, and centrifuged at 20,000 ϫ g for 1 h at 4°C in a SWTi-40 rotor. The virus pellet was resuspended in DMEM containing 10% fetal bovine serum, and radioactivity was determined with a beta counter (Beckman, Fullerton, Calif.).
Immunoprecipitation analysis of surface glycoproteins. Aliquots of radiolabeled virus were immunoprecipitated with a pool of gB-specific (46), gC-specific (47), or gD-specific (26) MAbs. Each virus aliquot was diluted in 200 l of lysis buffer containing 2 l of antibody and incubated at 4°C for a minimum of 4 h. The quantity of antibody used in this assay was in 10-fold excess of the amount needed for complete immunoprecipitation of gB from wild-type virus-infected cells. The immune complexes were incubated with protein A-Sepharose (Sigma) for 1 h, centrifuged at 500 ϫ g, and washed five times with 600 l of lysis buffer.
The protein A-Sepharose complexes were resuspended in Laemmli loading buffer (36) , boiled for 2 min, and subjected to SDS-PAGE. After electrophoresis, the gels were fixed, treated with En 3 Hance solution (Dupont, NEN), vacuum dried, and exposed to X-Omat-XAR film (Kodak, Rochester, N.Y.). Quantification of radiolabeled proteins precipitated was determined with the 1-D Scan and Report program (Biomed Instruments).
Binding of radiolabeled virus to cells. Monolayers of confluent Vero, murine L, or sog9 cells in 24-well plates were incubated at 4°C with radiolabeled purified virions. The viruses were allowed to bind to the cell surface for 10 to 320 min, after which the unbound viruses were removed and the cell monolayer was washed three times with cold TBS. Cell monolayers with bound virions were resuspended in 100 l of lysis buffer and transferred to vials for liquid scintillation counting. Quantification of cell-associated labeled virions was determined with a beta counter.
Elution of bound virus with heparin. Confluent monolayers of Vero cells in 6-well plates were infected with 200 PFU of the KOS, KCZ, KgBpK
Following a 4-h incubation at 4°C, the cells were washed three times with complete medium supplemented with 500 g of heparin per ml (or without heparin in control wells). The cell monolayers were then overlaid with medium containing 0.5% methyl-cellulose at 37°C to allow virus plaques to form. Cells were then fixed and stained with crystal violet for plaque quantification.
Virus titration in the presence of heparin. Confluent monolayers of Vero cells were infected for 2 h at different dilutions with all mutant viruses or with vesicular stomatitis virus (VSV) (kindly provided by Patricia A. Dowling, University of Pittsburgh) in the absence or presence of 50 or 500 and 10,000 g of heparin per ml. Virus inoculates were removed, and the cell monolayer was rinsed twice with medium or heparin-supplemented medium. Two additional washes were performed with medium only in all samples to remove the presence of heparin that could reduce the efficiency of plaque formation. The cell monolayers were then overlaid with medium containing 0.5% methyl-cellulose at 37°C to allow virus plaques to form. Cells were fixed and stained with crystal violet to quantify plaque numbers.
Virus penetration assay. The rate of virus penetration was assessed by determining the rate at which adsorbed virus became resistant to inactivation by a low-pH glycine buffer (0.1 M glycine [pH 3.0] [8] ). Confluent Vero, murine L, and sog9 cells in 6-well plates were incubated at 4°C for 2 h with 300 PFU of wild-type KOS, HS binding mutants, or rescued viruses. Following virus adsorption the cells were rinsed three times, overlaid with complete medium, and shifted to 37°C to allow virus penetration. At selected times after temperature shift, wells were treated with 2 ml of glycine buffer for 1 min while control wells were treated with 2 ml of TBS for 1 min. The monolayers were then washed three times with complete medium, overlaid with DMEM containing 0.5% methylcellulose, and incubated at 37°C, allowing virus plaques to form. Cells were then fixed and stained with crystal violet to visualize and count viral plaques.
In vitro cell-to-cell spread of virus. Vero and sog9 cell monolayers were infected with KOS, KCZ, KgBpK Ϫ , and KgBpK Ϫ gC Ϫ viruses for 2 h, the medium was aspirated, and the cells were washed twice with TBS and overlaid with fresh medium supplemented with 0.2% human gamma globulin (HGG) (Bayer Corporation, Elkhart, Ind.) containing anti-HSV neutralizing antibody. Twentyfour, 36, and 48 h p.i., cell monolayers were fixed with methanol, washed three times with TBS, and processed for immunofluorescence as described above by using rabbit anti-HSV-1 antibodies combined with secondary cy3-conjugated antibody (Jackson Immunoresearch Laboratories). Plaque sizes were determined by a Zeiss Axiophot microscope linked to a Xillix digital camera with personal computer-based image analysis (MCID) from Imaging Resources Incorporated (Brock, Ontario, Canada).
RESULTS
Construction of a gB mutant molecule impaired in heparin binding.
The role of gB in HS proteoglycan binding may be distinguished from its essential role in penetration if an HS binding domain can be identified and removed from the molecule without inactivating its ability to function in membrane fusion. If so, then a double mutant virus also lacking gC could be constructed since gC is nonessential for virus infectivity (27) . Polylysine inhibits HSV infection (38) presumably by interacting with HS, a property shared with other cationic substances such as polyarginine and neomycin (37, 38) . Accordingly, a lysine-rich (pK) sequence (residues 68 to 76) was deleted from the N-terminal region of gB (gBpK Ϫ ) for studies of its ability to be processed and bind heparin, an HS-like molecule.
Deletion or substitution of peptide sequences from HSV-1 glycoproteins can result in altered glycoprotein processing and prevent analysis of the effect of the mutation on the glycoprotein's functional role in virus infection. For example, modified glycoproteins can be retained within the endoplasmic reticulum and fail to be transported to the cell surface membrane and incorporated into virus particles (9) . In order to evaluate the posttranslational processing of the mutated gB molecule, Vero cells were transfected with expression vectors encoding wild-type (HCMV-BXX) (Fig. 1A) or mutant (HCMVgBpK Ϫ ) ( Fig. 1B) gB; mock-transfected Vero cells were used as a negative control (Fig. 1C) . Twenty-four hours posttransfection, the cells were analyzed by immunofluorescence for the presence and localization of gB molecules. Untreated cell monolayers were incubated at 4°C with a pool of gB-specific MAbs (46) to determine whether the mutant gB molecule was processed and transported to the cell surface membrane. As demonstrated in Fig. 1 , both wild-type (panel A) and mutant (panel B) gB (gBpK Ϫ ) were recognized by a pool of specific MAbs, and both proteins were incorporated into the cell surface membrane. No fluorescence was detected on mock-transfected cells (panel C). These data demonstrate that mutant gB (gBpK Ϫ ) was transported to the cell membrane of transfected cells, showing that deletion of the pK domain of gB permits endoplasmic reticulum and Golgi processing of the mutant molecule. Moreover, the molecular size of the fully processed mutant molecule was similar to the wild-type gB molecule, revealing no obvious differences in the addition of complex carbohydrates (see Fig. 4 ).
Since the mutant form of gB was apparently normally processed it could be compared with the wild-type molecule for its reactivity with heparin, an HS-like molecule, to determine whether the pK deletion had removed the HS binding activity attributed to the gB molecule. Expression plasmids encoding either wild-type gB (pKBXX) or gBpK Ϫ (pgBpK Ϫ ) were used to transfect Vero cells in order to produce wild-type and mutant proteins, respectively, after induction of gB expression by infection with a gB-ICP 18.5-deleted virus (K⌬4BX). The transfected/infected cells were radiolabeled with [ 35 S]methionine/cysteine, and the cell monolayers were harvested and solubilized prior to analysis of binding to heparin-acrylic beads. As shown in Fig. 2 , approximately the same quantity of gB or gBpK Ϫ molecules was incubated with the heparin beads (lanes 1). However, as demonstrated by the quantity of unbound glycoprotein (lanes 2), gBpK Ϫ displayed a lower affinity for heparin-acrylic beads than did wild-type gB; more than 40% of the gBpK Ϫ molecules were recovered in the unbound fraction compared to less than 3% of the gB wild-type molecules. Figure 2 , lanes 3, demonstrates that similar amounts of gB molecules were bound nonspecifically to the heparin beads and could be eluted with lysis buffer. In order to show that wildtype gB molecules were bound specifically to heparin-coated beads, the bound glycoprotein was eluted by washing the beads with lysis buffer supplemented with heparin. The results revealed that bound wild-type gB was efficiently eluted by heparin washes (Fig. 2A, lane 4) , while a small amount of gBpK Ϫ was released by heparin wash due to the small quantity of gBpK Ϫ nonspecifically associated with the heparin beads (Fig.  2B, lane 4) . Together, these studies confirmed that the gBpK Ϫ mutant molecule was fully glycosylated, incorporated into the cell surface membrane, and that a domain responsible for heparin binding had been inactivated by deletion of the pK region of gB.
Construction of HS attachment-defective mutant viruses. An HSV-1 viral mutant carrying the gBpK Ϫ coding sequence (KgBpK Ϫ ) was constructed to evaluate the effect of the pK deletion on virus infection. The gBpK Ϫ gene was inserted together with the UL28 gene (ICP 18.5) by marker rescue of the gB and UL28 double-deletion virus (K⌬4BX) (9) . The recombinant viruses (KgBpK Ϫ ) were selected by growth on noncomplementing Vero cells. The DNA sequence encoding the major HSV-1 HS binding protein, gC, was deleted from wild-type KOS virus and replaced with the human cytomegalovirus immediate early gene promoter (HCMV-IEp) lacZ gene expression cassette in order to create KCZ. The virus recombinants were selected by complement-dependent neutralization escape with gC-reactive MAbs and identified by their blue-plaque phenotype following X-Gal staining. A double HS attachment-defective virus encoding gBpK Ϫ and deleted for the gC coding sequence (KgBpK Ϫ gC Ϫ ) was created to determine the role of virus binding to HS in virus infection. The gBpK Ϫ gene, together with the UL28 gene (ICP 18.5), was used to marker rescue K⌬4BXCZ, a virus deleted for gC, gB, and UL28. The recombinant K⌬4BXCZ mutant virus was created by replacing the gC coding sequence of K⌬4BX with the HCMV-IEp-lacZ cassette, as described above for the generation of KCZ. Both gB and gC wild-type genes were used subsequently to rescue either the gB or gC mutation of the KgBpK Ϫ gC Ϫ mutant virus to produce the KgBpK R gC Ϫ and KgBpK Ϫ gC R viruses, respectively. The mutant and recombinant virus genotypes were analyzed by Southern blotting to confirm their genotypes. Viral DNAs were extracted from purified virions, digested with BamHI (Fig. 3A) or NcoI (Fig. 3B and C) endonuclease, and Southern blotted with a 32 P-labeled gB (Fig. 3A) or gC ( Fig. 3B and C . This hybridization pattern confirmed the absence of the NcoI endonuclease restriction site within the HCMV-IEplacZ cassette and its presence within the wild-type gC sequence. Together, these data confirm the isolation of singleand double-mutant viruses deleted for one or both HS binding elements (pK of gB and gC), as well as both mutant virus rescuants.
Evaluation of the envelope glycoprotein composition of the mutant viruses. Since the quantity of viral glycoproteins in the virus envelope could influence the ability of individual glycoproteins to carry out virus attachment, penetration, and lateral spread, the mutant virus envelopes were analyzed for glycoprotein content to determine whether the amounts of the individual HSV-1 glycoproteins were similar to that of wild-type KOS virus. The level of incorporation of these glycoproteins into mutant virions was determined by specific immunoprecipitation of solubilized radiolabeled envelopes from wild-type virus (KOS), the mutants KCZ, KgBpK Ϫ , and KgBpK Ϫ gC Ϫ , and the rescued KgBpK Ϫ gC R and KgBpK R gC Ϫ viruses by using pools of monoclonal antibodies specific for gB, gC, and gD. The protein A-captured immune complexes were then analyzed by SDS-PAGE and autoradiography. As shown in (Fig. 4, lanes  3 ) was detected in all virion envelope preparations, and the ratio of the quantity (analyzed by densitometry) of immunoprecipitated gB or gBpK Ϫ to gD demonstrated that the pK mutation in gB did not affect the level of incorporation of the mutant gBpK Ϫ molecules into the virion envelopes and that the absence of gC did not increase the relative amount of gB incorporation into virus envelopes compared with gD.
Attachment properties of HS binding-deficient mutant viruses. The attachment efficiency of the HS binding mutant viruses was assessed on mouse L cells and compared to the binding capacity of KOS on sog9 cells, a GAG-deficient L-cellline derivative (3). As shown in Fig. 5 (Fig. 2) which determined that the pK sequence of gB was solely responsible for the HS binding function of gB. In similar studies using Vero cells, the ratios of bound virus to input were higher for all viruses on Vero than on L cells; however, a proportional reduction in binding for all recombinant viruses compared to wild-type KOS virus was observed, confirming studies using L cells (data not shown).
Although removal of the pK domain of gB and deletion of gC greatly impaired the adsorption of the recombinant virus KgBpK Ϫ gC Ϫ to L cells (Fig. 5) , there remained a 20% residual binding activity. This residual binding capacity was also observed for wild-type KOS virus on sog9 cells (Fig. 5) , confirming that it was HS independent. In order to determine whether this residual binding was HS independent on cell types other than L cells, the HS binding-deficient recombinant viruses were titrated on Vero cells in the presence or absence of heparin (50 g/ml), an HS-like molecule. The data presented in Table 1 demonstrate that the wild-type KOS and mutant KgBpK Ϫ and KCZ viruses infected Vero cells more efficiently in the absence than in the presence of heparin, confirming that these viruses contained HS binding activity. However, the ratio of the titers of the double-mutant KgBpK Ϫ gC Ϫ virus was similar on Vero cells in the presence or absence of heparin. The small observed difference (relative ratio of 2.1) could be accounted for by the nonspecific inhibitory effect of heparin on virus binding, since this effect also was observed when an HS binding independent virus, VSV, was titrated in the presence of heparin (data not shown). Similar results were also obtained at different concentrations (500 g/ml and 10 mg/ml) of heparin, and the rescued viruses KgBpK R gC Ϫ and KgBpK Ϫ gC R showed results similar to the KCZ and KgBpK Ϫ mutant viruses, respectively (data not shown). In experiments in which the viruses were bound at 4°C in the presence or absence of heparin rather than titrated in heparin-supplemented media (Table 1) , similar results were observed (data not shown), demonstrating that the inhibitory effect of heparin was at the adsorption level. Moreover, similar titers for the double-mutant KgBpK Ϫ gC Ϫ virus were obtained on L and sog9 cells (relative ratio of 1.1), demonstrating that this virus was deficient for HS binding (data not shown).
To confirm that the impaired binding of KgBpK Ϫ gC Ϫ was due to the loss in virus-specific HS recognition sites, viruses bound to the cell surface were washed with heparin and the quantity of released virus particles was taken as a measure of virus specifically bound to HS. Vero cells were incubated for 4 h at 4°C with the KOS, KCZ, KgBpK viruses, and washes were performed in the presence or absence of heparin to elute the fraction of virus bound to HS. As shown in Fig. 6 , the binding of the KgBpK Ϫ virus was less sensitive (12%) to heparin washes than that of KOS, consistent with other evidence showing that the HS binding region of gB had been deleted. Moreover, the binding of the double-mutant KgBpK Ϫ gC Ϫ virus was highly resistant to heparin washes but only to an extent slightly higher (2.4%) than the resistance demonstrated by KCZ, again showing that the majority of HS binding activity was attributable to gC. The residual bound virus that was resistant to heparin washes depended on binding to a non-HS receptor, most likely due to the binding of gD to its specific receptor (50) .
Virus mutants altered in HS binding domains also showed a reduced capacity for viral entry and infectivity. The entry of HSV-1 capsids into the host cell is believed to involve a twostep process requiring the binding of the virus to the cell surface prior to fusion of the viral envelope with the cellular plasma membrane. Whether the binding and fusion events are independent is unknown. In particular, does binding to HS contribute to the efficiency of entry of bound virus or does HS binding-defective virus enter cells with the same kinetics as bound wild-type virus? Assays of the rate of virus entry were performed to answer this question. The rate of virus entry into host cells was determined as the rate at which a virus bound to the cell surface becomes resistant to acid treatment as a consequence of penetration of the virus into the host cell, compared with untreated virus controls. The results presented in Fig. 7A show that the single-mutant KgBpK Ϫ and KCZ viruses displayed reduced kinetics of penetration compared to wildtype KOS virus. The rate of entry of the double-mutant KgBpK Ϫ gC Ϫ virus was slightly lower than each individual single mutant virus but equivalent to the additive effect of each individual mutation. Similar data were also obtained with L cells (data not shown). These data suggest either that stable attachment to the cell surface HS receptor is required for efficient virus entry or that deletion of the pK domain of gB reduces its fusion capacity in addition to its contribution to virus adsorption to the cell surface. In order to discriminate between these two possibilities, the rates of penetration of the wild-type and double-mutant KgBpK Ϫ gC Ϫ viruses were determined on GAG-deficient sog9 cells (Fig. 7B) . We reasoned that if the fusion function of gB was altered by deletion of the pK domain, the rates of penetration of both viruses should be different on HS-deficient sog9 cells, while if the differences in the rates of penetration were due to the absence of binding to HS then both viruses should have the same rate of penetration on these cells. The data presented in Fig. 7B show that the rate of penetration of the double-mutant virus was similar to that of the wild-type virus on sog9 cells, confirming that the fusion function of gB was not altered by deletion of the pK domain of gB. Taken together, these data demonstrate that stable attachment to cell surface HS is required for efficient virus entry. The rate of entry of KCZ virus was compared to that of KgBpK R gC Ϫ (Fig. 7C) , and the rate of entry of KgBpK Ϫ virus was compared to that of KgBpK Ϫ gC R (Fig. 7D) . Both combinations gave similar results, confirming that the double-mutant viruses rescued for gB or gC showed rates of penetration similar to the corresponding single-mutant viruses.
The infectivity of the pK-deleted viruses (KgBpK Ϫ and KgBpK Ϫ gC Ϫ ) compared to the wild-type KOS virus was measured on Vero cells by calculating the capacity of the 35 Slabeled sucrose-purified recombinant viruses to form plaques on Vero cells and expressed as a ratio of PFU per counts per minute, where counts per minute was used to normalize the number of input particles. As demonstrated in Table 2 , the single-mutant virus KgBpK Ϫ demonstrated 1.56-fold-less infectivity than wild-type KOS virus, while the double-mutant KgBpK Ϫ gC Ϫ virus demonstrated 3.55-fold-less infectivity than KOS virus. These data confirm results reported previously for gC deletion mutants (23) where a decrease in infectivity corresponded with a reduction in virus binding to the cell surface.
Virus mutants altered in gB-dependent HS binding also showed reduced cell-to-cell virus spread. Virus penetration and cell-to-cell spread of viruses have been uncoupled through isolation of virus mutants deleted for glycoprotein gE and gI (11) that are defective in cell-to-cell spread but competent for virus entry. These mutants retained the ability to initiate infection of cells but could not form plaques in the presence of virus-neutralizing antibody. Glycoprotein B is required for both penetration and cell-to-cell spread; however, the role of its HS binding domain in lateral virus transmission has not been examined. To determine whether gB binding to HS influences lateral virus spread, Vero cells were infected with KOS, KgBpK Ϫ , KCZ, and KgBpK Ϫ gC Ϫ in the presence of HGG, which neutralized extracellular virus particles. As demonstrated in Fig. 8A, at 24, 36 , and 48 h p.i., the average plaque size of mutant KgBpK Ϫ virus was significantly smaller than that of wild-type KOS virus at all time points, showing that deletion of the HS binding function of gB reduced lateral virus spread. These data demonstrate that the HS binding activity of gB is important to this mode of virus infection, an activity which could not be compensated for by the HS binding activity of gC. However, deletion of gC from wild-type KOS virus increased the efficiency of the mutant virus (KCZ) in spreading from cell to cell, as reported by Manservigi et al. (45) , producing significantly larger plaques at 36 and 48 h p.i. These findings demonstrate that unlike virus penetration (Fig. 7A) , the presence of gC is not required for efficient virus transmission to neighboring cells. However, similar experiments carried out with the double-mutant virus (KgBpK Ϫ gC Ϫ ) that was deleted for the HS binding activity of gB and gC did not show significant reduction in plaque size compared with wild-type virus, suggesting that the opposing effects of each mutation on plaque development mask their individual phenotypes. In order to determine if the reduction in plaque size observed with the KgBpK Ϫ virus was related to an additional alteration in gB FIG. 6 . Contribution of a viral glycoprotein(s) other than gB and gC to HS binding. Confluent monolayers of Vero cells in 12-well plates were inoculated with 100 PFU of each test virus per well for an adsorption period of 2 h at 4°C. The cells were then rinsed three times with complete medium in the absence or presence of 500 g of heparin per ml, overlaid with medium containing methylcellulose, and shifted to 37°C to allow viral plaque formation. The cells were then fixed and stained with crystal violet, and plaques were counted. At each time point, the average number of plaques produced on heparin-washed monolayers was expressed as a percentage of the average number of plaques produced on complete medium-washed monolayers. Error bars indicate results determined for triplicate wells.
function that resulted from the deletion of the HS binding sequence, similar experiments were performed on GAG-deficient sog9 cells in the presence of HGG (Fig. 8B) . The virus plaque sizes measured at 24, 36, and 48 h p.i. showed that plaque formation on sog9 cells was similar for each virus at all time points, demonstrating that the altered function of gB in Vero cell-to-cell spread was due to the loss in HS binding and was not a change in the ability of gB to mediate lateral virus spread independent of its HS binding functions. Together, these observations demonstrate that gB contributes to virus infection across cell membranes in an HS binding-dependent manner and that the loss of HS binding activity results in a small-plaque phenotype that can be masked through further deletion of gC.
DISCUSSION
Previous studies have demonstrated that the initial attachment phase of infection by many herpesviruses (pseudorabies virus [PrV] [34, 34b, 49, 52, 61] , bovine herpesvirus [13, 39, 40, 51] , equine herpesvirus [1] , cytomegalovirus [8] , and HSV-1 and HSV-2 [16, 21, 44, 58, 64] . The cells were then rinsed three times, overlaid with complete medium, and shifted to 37°C to allow virus penetration. At selected times after the temperature shift, the cells were treated with 2 ml of glycine buffer (0.1 M glycine [pH 3.0]) or TBS for 1 min. The cell monolayers were then washed three times with complete medium, overlaid with medium containing methyl-cellulose, and incubated at 37°C to allow viral plaques to form. After plaque formation, cells were fixed and stained with crystal violet, and plaques were counted. At each time point, the average number of plaques produced on glycine-treated monolayers was expressed as a percentage of the average number of plaques produced on TBS-treated monolayers. Results are averages from triplicate wells. ing of one or more envelope glycoproteins to HS proteoglycans on the surface of susceptible cells. The HS binding activity of HSV-1 is attributable primarily to gC and gB (23) , an observation confirmed in the present study. Mutants deleted for both gB and gC are severely impaired for binding to HS, to an extent similar to the highly impaired adsorption of wild-type virus to mutant cells defective for HS expression (17, 23, 55) . Glycoprotein C accounts for the most avid binding, since mutations that result in gC-deficient enveloped particles show at least a 60% reduction in the efficiency of virus attachment compared to gB null virion particles (4, 24) . Moreover, mutant viruses deleted for gC penetrate cells at a reduced rate (24) , suggesting that attachment to HS may be required either to increase binding to a second receptor potentially recognized by gD or to initiate changes in the bound particle envelope that trigger the process of envelope fusion with the cell surface membrane (33) . The interdependence of attachment to HS with virus entry and spread previously could not be studied in HSV with either gB or gB and gC null viruses, since gB is essential for both processes and may itself initiate fusion. Initial experiments were aimed at determining whether an HS binding domain could be identified within gB based on analysis of the predicted amino acid sequence of the gB gene product. Studies of other HS binding molecules indicate that the negatively charged proteoglycan molecules would be recognized by peptide domains rich in positively charged residues, particularly lysine (38) . Adenovirus vectors modified to contain a polylysine sequence within the fiber protein, for example, bind to HS and increase virus infection of cells low in adenovirus receptor density (63) . Glycoprotein B contains a polylysine region (pK) that lies within amino acid residues 68 to 76 and has the sequence KPKKNKKPK. This sequence is similar to the consensus sequences predicted for the HS binding domain of proteins (7, 62) and was deleted from gB to produce a mutant form designated gBpK Ϫ . SDS-PAGE analysis of the transiently expressed mutant gene revealed a molecular size consistent with the predicted sequence. The processed glycoprotein was transported to the cell surface membrane in amounts similar to wild-type gB, and the gBpK Ϫ molecule was reactive with gB-specific monoclonal antibodies, indicating that these conformational epitopes were preserved. The gBpK Ϫ transiently expressed molecule was highly impaired in its ability to bind to heparin-conjugated acrylic beads, confirming that at least the major HS binding domain of gB was localized to this lysine-rich sequence. These results showed that although the HS binding domain of gB was deleted, its removal did not appear to significantly alter its conformational structure, glycosylation, or intracellular trafficking. The mutant gB molecule also proved to be functional for virus penetration by rescue of gB null mutant virus. Biochemical analysis of purified mutant virus particles indicated that normal levels of the mutant molecules were incorporated into virions, ruling out the possibility that any phenotypic change in mutant virus behavior was due to a reduction of gB in virus particles.
The KgBpK Ϫ mutant virus showed a decreased capacity for attachment to susceptible cells in culture. However, previous studies showed that gB-negative mutant viruses demonstrated the same binding capacity as wild-type virus to susceptible cells (4, 23) . The discrepancy between our data and these reports could be explained on the basis of altered capacity for incorporation of the remaining glycoproteins into the virus envelope (9, 18, 19) . For example, deletion of gB from the virus envelope might provide added space for increasing the amount of other glycoproteins such as gC in the envelope of mature particles, which in turn compensates for and thereby masks the HS binding activity of gB. Removal of both the HS binding function of gB and gC by construction of a double-mutant virus (KgBpK Ϫ gC Ϫ ) had a profound effect on HS binding; however, the mutant virus still retained the ability to attach to murine L cells to an extent similar to the binding of wild-type virus to sog9 cells, a GAG-deficient mutant derivative (3). Moreover, the binding of the double mutant virus (KgBpK Ϫ gC Ϫ ) was similar to the binding of the double deletion mutant gB/gC virus (K4BXCZ), demonstrating that notwithstanding the sensitivity of our binding assay gB and gC are the only HS binding proteins encoded by HSV-1 and that the pK domain of gB is the only binding domain of gB. The ratios of the titer of the double-mutant (KgBpK Ϫ gC Ϫ ) virus on Vero cells in the absence or presence of heparin on L cells compared to sog9 cells were close to unity, demonstrating that all detectable HSdependent binding activity had been deleted from the doublemutant virus. This conclusion was also supported by results demonstrating that the double-mutant virus was resistant to heparin washes, indicating that attachment had occurred , and 48 h p.i., Vero cell (A) and sog9 cell (B) monolayers were fixed with ice-cold methanol and processed for immunofluorescence with an anti-rabbit HSV-1 polyclonal antibody for 1 h at 37°C, washed with TBS, and incubated for 1 h at 37°C with a cy3 anti-rabbit antibody. Plaque sizes were determined with a Zeiss Axiophot microscope linked to a Xillix digital camera. For Vero cells, statistically significant differences (P Ͻ 0.05) in plaque sizes between viruses are marked by like symbols above the measured values; for sog9 cells, the plaque sizes were not statistically different (P Ͼ 0.39).
through recognition of a non-HS receptor, presumably gD attachment to its specific receptor (50) . We cannot rule out the possibility, however, that binding to the non-HS receptor is more avid in the absence of HS binding, making bound virus resistant to heparin washes and thus masking additional HS binding activity associated with gB and/or other glycoproteins. The ability of heparin to release bound virus to the HS receptor where, presumably, the non-HS receptor is also recognized might be explained by the order of receptor recognition. That is, HS receptor binding may preceed binding to the non-HS receptor; thus, heparin may release those particles in transition. Comparison of the infectivity of the double mutant with the wild-type virus demonstrated that in the absence of HS binding more input mutant virus was required to obtain infectivity comparable to the wild-type virus, indicating that the non-HS receptor was less abundant or less accessible. Similar studies have been performed with a gC-deleted PrV mutant where gC is solely responsible for the virus HS binding function. The PrV HS binding-deficient mutant showed reduced attachment to HS-bearing cells but not to HS-deficient mutant cells, a finding consistent with our studies of HSV mutants defective for HS binding. Both the HSV and PrV mutants remain active, demonstrating that HS binding is not essential for virus infectivity (34a).
The reduction in double-mutant virus attachment to the cell surface might also reflect a change in the ability of the virus particle to "neutralize" a repulsive charge on the cell surface, resulting in a change in the kinetics of recognition of the non-HS virus receptor. Such repulsive forces may not be present on HS-deficient sog9 cells; thus, the kinetics of virus attachment would appear similar to the wild-type virus. However, studies of the specificity of HSV-1 and HSV-2 for different locations of virus transmission may be related to the ability of the two serotypes to recognize different HS moieties on cell surface proteoglycans, and the HS specificity and recognition sequence of gC of PrV is apparently different from that of HSV-1 (24a, 61). In the present study, we show that the HS recognition sequence of gB differs from earlier reports for the HS binding element of gC (12a, 62) . Thus, although HS recognition involves a charge interaction, the specific HS receptors recognized by different viruses may vary, suggesting that the interaction between the virus envelope and cell surface HS species are specific (3a, 12a).
Because gBpK Ϫ was functional in virus infection, it could be directly determined whether HS binding was also essential to the process of virus penetration. The rate of cell-bound KgBpK Ϫ mutant virus penetration was reduced compared with the wild-type virus, indicating that gB recognition of HS was required in this process. Moreover, the gC null virus (KCZ) also entered cells more slowly, in agreement with an earlier report (24) , whereas the double-mutant (KgBpK Ϫ gC Ϫ ) virus did not differ significantly from either single-mutant virus, suggesting that HS recognition by both glycoproteins is required for efficient virus entry and that they may cooperate in this process. This conclusion was supported by the finding that the KgBpK Ϫ gC Ϫ mutant entered cells with kinetics similar to the wild-type virus on sog9 cells. Moreover, this result suggests that deletion of the HS binding function of gB does not alter the fusion function of gB. Since the double-mutant KgBpK Ϫ gC Ϫ virus was capable of binding to the cell surface through a non-HS receptor but demonstrated a lower rate of penetration than wild-type virus, we conclude that virus binding to the inherent non-HS receptor can substitute for HS binding in promoting virus entry but with less efficiency. The biochemical mechanism which underlies these cooperative functions is unknown but may relate to the possibility that HS binding brings the virus in closer proximity to the cell membrane, thereby enhancing the ability of gB to contribute to virus envelope cell membrane fusion. The binding to HS, for example, may alter the conformation of gB or other viral fusogens in a manner that allows invasion of the fusogenic peptide into the cell membrane (20) .
The role of HS receptor binding glycoproteins in entry of extracellular virus may be different when virus infection proceeds from cell to cell. For example, mutants deficient in gC form larger plaques in the presence of neutralizing antibodies than does the wild-type virus, suggesting that gC reduces the efficiency of virus spread. In our studies we have made similar observations, indicating that the HS binding activity of gC may not be required for intercellular virus entry into neighboring cells. Shieh and Spear (55) reported that binding to HS is involved in virus spread from cell to cell since wild-type HSV-1 cannot spread laterally in CHO cells deficient for HS but can be enhanced in such cells if soluble heparin is provided. In contrast, Gruenheid et al. (17) showed that HS may be dispensable for lateral virus spread, since virus plaques were of similar size on murine L cells or their HS-deficient derivatives, gro2C cells. These mutant cells retained condroitin sulfate moieties that were subsequently demonstrated to be recognized by HSV in virus attachment to murine L cells (3) . In the present study, we compared the ability of both single and double HS binding mutant viruses to form plaques on Vero cells in the presence of virus-neutralizing antiserum where plaque formation depended exclusively on cell-to-cell virus spread. The results showed that the KgBpK Ϫ mutant virus produced significantly smaller plaques than wild-type virus on Vero cells, while the gC null mutant produced larger-thanwild-type virus plaques in the presence of antiserum. However, deletion of both the pK domain of gB and the gC gene created a mutant virus (KgBpK Ϫ gC Ϫ ) that formed plaques of similar size to the wild-type virus, suggesting that only gB binding to the HS receptor is required for efficient intercellular infection and indicating that the roles of HS binding are different in extra-and intercellular infection. These conclusions were strengthened by comparisons of the virus plaque sizes on GAG-deficient cells in which all mutants tested formed plaques of comparable size to wild-type KOS virus. Because the presence of gC appeared to inhibit lateral virus spread, deletion of both the gB and gC HS binding activity resulted in a normal-size plaque phenotype in which the plaque-size-reducing effect of mutant gB appeared to be masked by the plaque-size-enhancing phenotype associated with the deletion of gC. The reason(s) for these opposing effects is unknown but might be explained by gB and gC recognition of different HS structures such as, for instance, those that might be associated with cell junctions where virus transmission occurs. Alternatively, these differences could be due to a change in the stoichiometry of gC-deleted virus envelope components, some of which may also contribute to lateral virus spread. While these observations distinguished between the roles of gB and gC in plaque size development, deletion of either HS binding activity reduced the binding of virus to cell surfaces and slowed the rate of extracellular virus entry. Further studies are in progress to determine whether HS binding is important to the pathogenesis of HSV where virus spread occurs from cell to cell. These studies should determine whether the HS binding function of gB is essential to the process of virus infection in vivo. measuring plaque size areas. We also thank Thomas Holland for critical reading of the manuscript.
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